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Abstract
Recent CDF measurement of the B0s − B¯0s oscillation frequency at the Tevatron imposes significant
constraint on various models for new physics. A warped extra-dimension model with custodial
isospin symmetry accommodates the B0d,s − B¯0d,s mixing at tree level mainly through the Kaluza-
Klein gluons. This is due to the misalignment between the bulk gauge eigenstates and the localized
Yukawa eigenstates of the bulk fermions. Considering the large hadronic uncertainties in the stan-




We found that the lower bound on the first Kaluza-Klein mass of a gluon (MKK) by the observed
B0d,s − B¯0d,s mixing is, irrespective to hadronic uncertainties, about 2 TeV if the complex phases in
the 5D Yukawa sector are large enough.






Recently CDF collaboration [1] has measured the oscillation frequency of B0s − B¯0s mixing
using abundant Bs mesons at the Tevatron
1. B0d − B¯0d mixing had been also measured by
BaBar and Belle experiments at the e+e− B factories [3]. The current experimental results
are [1, 3]






The observed oscillation frequency of B0q − B¯0q mixing (q ∈ {d, s}) determines the mass
difference of B0q − B¯0q states, ∆Mq ≡MheavyBq −M lightBq . This is related with B0q − B¯0q transition
amplitude, 〈B0q |H∆B=2eff |B¯0q 〉 = 2MBqM qbb¯, through
∆Mq = 2|M qbb¯|. (2)
As a flavor-changing neutral-current (FCNC) process, B0q − B¯0q mixing is a very sensitive
probe for the new physics beyond the standard model (SM) since the SM contributions occur
only at loop level. If any new physics model accommodates its tree-level contribution to
B0q − B¯0q mixing, the model would be strongly constrained. In literature, the contributions
of various new models have been extensively discussed [4].
Many new models for physics beyond the SM are theoretically motivated by the gauge
hierarchy problem. Among them, a warped extra dimension model by Randall and Sundrum
(RS1) [5] has attracted a great interest, which solves the gauge hierarchy problem with
geometrical suppression of Planck scale to TeV scale. The RS1 model has one extra spatial
dimension of a truncated AdS space, the orbifold of S1/Z2 × Z′2. The fixed point under Z2
parity transformation is called the Planck (UV) brane and that under Z′2 parity the TeV (IR)
brane. In the original RS1 model, the SM fields are localized on the TeV brane in order to
avoid any conflict with (most of) experimental data [6, 7]. Later a bulk SM has been widely
studied because the phenomenological aspects of the localized field in the 5D theory depend
sensitively on the unknown UV physics while those of the bulk field do not [6, 7, 8, 9, 10, 11].
In addition, setting SM fermions in the bulk can explain the SM fermion mass hierarchy
1 ∆Ms has been also observed by DØ collaboration [2], as 17 ps
−1 < ∆Ms < 21 ps
−1 at the 90% C.L..
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between top quark and neutrino without introducing the hierarchical Yukawa couplings
and/or seesaw mechanism [10, 11]. However, many new strongly interacting particles in the
bulk SM, which emerge around the TeV scale, lead to strong constraint from the electro-weak
(EW) precision data [12, 13, 14, 15]. This is due to the lack of SU(2) custodial symmetry in
the theory.
One of the most interesting bulk RS1 models, which is also consistent with the
EW precision tests, is the one suggested by Agashe et. al. [16]. In this model, SU(2)
custodial symmetry is induced from AdS5/CFT feature of bulk gauge symmetry of
SU(3)c× SU(2)L× SU(2)R×U(1)B−L . And the SM particle masses are generated by vac-
uum expectation value (VEV) of a Higgs boson field, which is confined on the TeV brane to
avoid another hierarchy problem [7]. A SM fermion mass is determined by its Yukawa cou-
pling and the overlapping magnitude of the fermion zero mode function on the TeV brane.
The Kaluza-Klein (KK) mode function of a bulk fermion is controlled by its bulk Dirac
mass parameter c. Unfortunately there is no unique way to determine Yukawa coupling and
c’s. A reasonable approach is to choose parameters which can be explained by a symmetry
or more fundamental theory. One such choice is the universal 5D Yukawa couplings to all
fermions [17, 18, 19, 20]. In this scenario, even if we choose all Yukawa coupling to be of
order one, we can have small masses as well as small mixings by suppressed zero mode func-
tions but moderate values of c’s. Experimental data of SM flavor structure can determine
the c’s under some reasonable assumptions.
The localized Yukawa couplings can mix the zero modes of the bulk SM fermions from dif-
ferent generations, while the bulk gauge interactions are flavor-diagonal. This misalignment
allows the FCNC coupling at tree level, as depicted in Fig. 1 [19, 20]. Since the coupling






FIG. 1: Feynman diagram leading to B0q − B¯0q mixing in a warped extra dimension model. G(n)
is the n-th KK mode of a gluon.
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contribution to ∆Mq is dominant and substantial. Therefore, the contributions of B
0
d,s−B¯0d,s
mixings can be a very sensitive probe to the custodial bulk RS1 model. This is the primary
goal of the paper.
In Ref. [20], a general argument on the ∆F = 2 FCNC processes in this model was
discussed and the size of the new physics contribution was roughly estimated. With the new
experimental results on the B0s − B¯0s mixing, more comprehensive and detailed study on this
topic is worthwhile. In this paper, we present the full formalism including general complex
phases in the left- and right-handed mixing matrices. As shall be shown, the presence of
complex phases is crucial especially when we adopt a certain SM calculation of ∆Mq. We
will also examine how sensitive the new physics contribution to B0q − B¯0q mixing is to the
bulk fermion mass parameter.
The organization of the paper is as follows. In the next section, we briefly review the
warped extra dimensional model with SU(3)c× SU(2)L× SU(2)R×U(1)B−L . We also for-
mulate the new physics contribution to B0q − B¯0q mixing. In Sec. III, we summarize the
current SM calculations for B0q − B¯0q , and examine the parameter space where the model is
compatible with the observed B0d,s − B¯0d,s mixings. We conclude in Sec. IV.
II. THE WARPED EXTRA-DIMENSION MODEL WITH CUSTODIAL SYMME-
TRY ON TEV BRANE
The basic set-up of the model is the same as that of references [17, 18, 19, 20, 21]. We
consider SU(3)c× SU(2)L× SU(2)R×U(1)B−L gauge theory in a five-dimensional warped
spacetime with the metric of
ds2 = e−2σ(y)(dt2 − d~x2)− dy2, (3)
where y is the fifth dimension coordinate and σ(y) = k|y| with k of Planck scale. The theory
is compactified on the S1/Z2 × Z′2 orbifold, which is a circle (with radius rc) compactified
by two reflection symmetries under Z2 : y → −y and Z′2 : y′(= y − πrc/2) → −y′. In
what follows, we denote Z2 parity by P , and Z
′
2 parity by P
′. Often conformal coordinate




(dt2 − dx2 − dz2). (4)
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The orbifold confines the fifth dimension y ∈ [0, L(≡ πrc/2)], or z ∈ [1/k, 1/(e−kLk)]. With
moderate value of kL ≈ 35, the IR cut-off T ≡ e−kLk can be at the TeV scale so that the
gauge hierarchy problem is solved:
T ≡ ǫk ∼ TeV with ǫ ≡ e−kL ≪ 1. (5)
There are two fixed points in the orbifold of S1/Z2×Z′2, the Z2-fixed point at y = 0 (z = 1/k)
called the Planck brane and the Z ′-fixed point at y = L (z = 1/T ) called the TeV brane.
Among the bulk SU(3)c× SU(2)L× SU(2)R×U(1)B−L gauge symmetry, SU(2)R symme-
try is broken with orbifold boundary conditions on the Planck brane to U(1)R, by im-
posing (PP ′) = (−+) for W˜ 1,2R . Note that the TeV brane is SU(2)R symmetric. The
U(1)R×U(1)B−L is spontaneously broken into U(1)Y on the Planck brane. Finally the EW
symmetry breaking of SU(2)L× U(1)Y is triggered by the VEV of the Higgs field localized
on the TeV brane. The SM gauge field is a zero mode of a bulk gauge field with (++) parity.










where the mode function f
(n)

























The following double constraints on β
(n)

























































where Ψˆ ≡ e−2σΨ and the 5D Dirac mass is mD = c k sign(y). The bulk fermion field is























ψ(n). The Dirac mass parameter c determines the KK mass spectrum
and mode functions. Since Z2 × Z′2 parity of ΨL is always opposite to that of ΨR, the left-
handed SM fermion is the zero mode of a 5D fermion whose left-handed part has (++)
parity (and the right-handed part has automatically (−−) parity). And the right-handed
SM fermion, a singlet under SU(2)L, is the zero mode of another 5D fermion whose right-
handed part has (++) parity. There remains two non-vanishing zero mode functions,
f
(0)



















∣∣∣∣1/2 , N (0)R = ǫ−c ∣∣∣∣1− ǫ−2c−1−2c− 1
∣∣∣∣1/2 . (14)
Since the W˜ 1,2R fields with (−+) parity couples two elements of a SU(2)R doublet, we have an
extra (−+) parity fermion in each SU(2)R doublet. To focus on the B0q − B¯0q mixing which
involves, as for fermions, only the zero modes, we consider the fermion fields which contains

















where i is the generation index. Note that nine Dirac mass parameters (cQi, cUi , and cDi)
determine the zero-mode functions and KK mass spectra in the quark sector.
To generate the SM fermion masses, we use the localized Higgs field on the TeV brane
















where H = e−kLφ(x) is canonically normalized Higgs filed, H˜ = iτ2H
∗, and i, j are the
generation indices. The boundary mass term is realized when the Higgs field develops the
VEV of 〈H〉 = v. The SM mass matrices for up- and down-type quarks are then, for
q = U,D,













The mass matrix Mu,d is diagonalized by bi-unitary transformation:
UqRM
qU †qL = M
q(diag) for q = u, d. (18)
The mass eigenstates are
χqL = UqLψ
(0)
qL , χqR = UqRψ
(0)
qR . (19)
The Cabibbo-Kobayashi-Maskawa (CKM) matrix [22] is defined as V CKM = U †uLUdL. A
natural choice for UuL and UdL is that both mixing matrices have similar form of the CKM
matrix. This choice of mixing is reasonable since the uL and dL, which belong to the same




where κij ’s are complex parameters of order one. To avoid order changing during the diag-
onalization of matrix, κ2 should be greater than sin θc (θc is the Cabibbo angle) and smaller
than 1/ sin θc. Therefore, we assume |κij | ∈ [1/
√
2, 2].
In the SM, the huge mass difference between electron and top quark is explained by
hierarchical Yukawa couplings. Even though the SM fermion mass in this model is also
generated through the VEV of the localized Higgs field, the mass hierarchy can be attributed
to different overlapping probability (by controlling c’s) of the zero-mode function on the TeV
brane. The SM fermion mass spectra have been studied for various values of the Dirac mass
parameter c’s, and found that the large SM fermion mass hierarchy can be explained without
introducing large hierarchy in the model parameters [17, 18, 19, 20, 21].
The structure of Yukawa couplings is arbitrary in this model. As mentioned in the pre-
vious section, one popular choice is that all of the 5D Yukawa couplings (to all flavors) have
almost universal strength of order one: The fermion hierarchy is generated only by different
fermion bulk masses. Since the mass eigenvalues and CKM parameters are empirically fixed,
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only unknowns are λq5 of Eq. (17) and κij in Eq. (20). These parameters are all assumed
as order one and the numerical ambiguity of λq5 can be absorbed into κ by redefinition of
parameters.
In this set-up (where the 5D Yukawa couplings are universal and the mixing matrices
are CKM-like), the SM quark mass spectrum is reproduced with the following Dirac mass
parameters [18]:
cQ1 ≃ 0.61, cQ2 ≃ 0.56, cQ3 ≃ 0.3+0.02−0.04, (21)
cD1 ≃ −0.66, cD2 ≃ −0.61, cD3 ≃ −0.56,
cU1 ≃ −0.71, cU2 ≃ −0.53, 0 <∼ cU3 <∼ 0.2.
As discussed before, the hierarchical SM mass spectrum can be explained with moderate
values of the model parameters of c’s. At first glance, rather definite values of cQ1,2 seem
unnatural, compared with cQ3 ∈ [0.26, 0.32]. This is due to the behavior of the zero mode
function, defined in Eq. (13), in the fermion mass matrix of Eq. (17). For c > 0.5, the f
(0)
L
is very sensitive to the change of c, leading to strong constraint on c from the fermion mass
hierarchy: The values of cQ1,2 are practically determined by the SM quark mass hierarchy.
For c < 0.5, however, the zero mode function does not change that dramatically, so that cQ3
has a small range if we consider EW precision data and assume that Yukawa coupling can
vary in the range of [1/
√
2, 2] [16].








Ψ¯(x, y)iγµAµ(x, y)Ψ(x, y), (22)
where g5 is the 5D dimensionless gauge coupling, and Ψ = QiL, uiR, diR in general. For the
B0q − B¯0q mixing, only the zero modes of QiL and diR are relevant. With the preferred values
of ci’s in Eq. (21), the zero modes of QiL are dominant over those of diR. Therefore, we take
the contributions of the zero modes of QiL only. Substituting Eqs. (7), (8) and (13) into
Eq. (22) leads to the four-dimensional gauge couplings, defined by






























A (z) . (24)
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1 ∼ λ2gˆ(n)3 , gˆ(n)2 ∼ λ2gˆ(n)3 , (25)
where λ = sin θc ≃ 0.22. Thus, gˆ(n)3 is dominant.
The localized Yukawa interaction causes the mixing between the gauge eigenstates and



































Note that if all of the cQi are the same for three generations so that gˆ
(n)
k (cQk) is common,
the K
(n)
























where for the second equality we have used the dominant behavior of gˆ
(n)
3 as in Eq. (25).
III. THE EFFECTS ON B0q − B¯0q MIXING
Even though experiments have measured ∆Md and ∆Ms with high precision, the the-
oretical estimates of the input hadronic parameters are poorly known mainly due to their



















W , and S0 is an “Inami–Lim” function [23]. For CKM parameters, we
used |V ∗tdVtb| = (8.6±1.3)×10−3 and |V ∗tsVtb| = (41.3±0.7)×10−3 [24][25]. Common quantities
for both Bd and Bs system are mW and a short-distance QCD correction ηˆ
B = 0.552 [26].
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Flavor dependent and non-perturbative quantities are the bag parameter BˆBq , and the decay


























There are several estimates of the SM values for ∆MSMq . We use the following two
results for the input hadronic parameters, BˆBd,sf
2
Bd,s
. The first one is from the most recent
(unquenched) simulation by JLQCD collaboration [27], with non-relativistic b quark and
two flavors of dynamical light quarks. The second one is from combined results, denoted by
(HP+JL)QCD: Lacking any direct calculation of BˆBq with three dynamical flavors, it has
been suggested to combine the results of fBq from HPQCD collaboration [28] with that of








0.69± 0.14]ps−1 (HP + JL)QCD ,
∆MSMs =
[
16.1± 2.8] ps−1 JLQCD (32)
=
[







4 6 8 10 12
∆MRSd
MKK (TeV)
κ = 1 with (HP+JL)QCD
φd = pi/2
φd = 5pi/12
FIG. 2: ∆MRSd as a function of MKK for fixed φd = pi/2, 5pi/12 and |κij | = 1. For each φd,
we have three lines from the 1σ range of the input hadronic parameters. Three lower (red) lines
are for φd = pi/2, and three upper (blue) lines are for φd = 5pi/12. The horizonal lines are from
experiments.
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FIG. 3: Contours for ∆MRSq = ∆M
exp
q in the parameter space of (MKK , φd). The three lines are
from the 1σ range of the input hadronic parameters of the JLQCD. The three right (red) lines for
κ = 1 and the three left (blue) lines for κ = 1/
√
2.












1 + 2 |Rq| cos 2φq + |Rq|2,
where Rq ≡M q,RSbb¯ /M q,SMbb¯ and φq is the phase of κ3q.
The new contribution depends on two parameters, φq and MKK . Here MKK denotes the
TeV scale mass of the first KK mode of a gluon. With (HP+JL)QCD hadronic parameter
values, Fig. 2 shows ∆MRSd as a function of MKK for fixed φd = π/2 and 5π/12. Three
lines for each φq are from 1σ range of the input hadronic parameters. Here we assume the
magnitudes of all κij are one. Three lower (red) lines are for φd = π/2, and three upper
(blue) lines are for φd = 5π/12. The horizontal lines denote the experimental results. It is
clear that there are two allowed regions around MKK ≃ 5 TeV and MKK >∼ 8 TeV.
In Fig. 3, we show the contours for ∆MRSq = ∆M
exp
q , with 1σ hadronic uncertainty, in
the parameter space of (MKK , φd). For the SM results, we use the JLQCD ones. Three
right (red) lines are for κ = 1 and three left (blue) lines are for κ = 1/
√
2. Since our model
is valid for |κij | ∈ [1/
√
2, 2], the middle region is all allowed. In the case where the new
mixing matrix UL,R does not allow further complex phase, the observed B
0
d − B¯0d mixing
constrains MKK
>
∼ 4 TeV, while the observed B
0
s − B¯0s mixing leads to stronger bound of
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FIG. 4: The same plots as in Fig. 3 for the (HP+JL)QCD hadronic input parameters.
MKK
>
∼ 5.3 TeV. If we allow complex phases φq in κ3q, the lower bound ofMKK can decrease
substantially: For φq ≃ π/2, both B0d − B¯0d and B0s − B¯0s constrain MKK >∼ 2 TeV. In this
case, the KK gauge bosons can be explored at the LHC.
Figure 4 shows the same plots from (HP+JL)QCD input hadronic parameters. Unlike
the JLQCD case, the observed B0d,s− B¯0d,s mixing cannot allow vanishing complex phases of
φq. For φq = π/2, both B
0
d − B¯0d and B0s − B¯0s mixings lead to MKK >∼ 2 TeV.











From left: c = 0.26, 0.30, 0.32
∆Md with (HP+JL)QCD
FIG. 5: The cQ3-dependence on the contours by B
0
d − B¯0d constraint. We use the (HP+JL)QCD
hadronic input parameters.
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Finally we examine how sensitive the B0q − B¯0q mixing constraints are to the value of
cQ3, which is not definitely determined by the SM quark mass spectrum. In Fig. 5, we
present the contours, in the (MKK , φd) space, allowed by the observed B
0
d − B¯0d mixing for
c = 0.26, 0.3, 0.32. We used the central values of (HP+JL)QCD hadronic input parameters.
The allowed region of φd remains almost intact, while the lower bound of MKK decreases
(increases) when cQ3 decreases (increases) by a few hundred GeV. The cQ3 dependence on
the B0s − B¯0s mixing or with different hadronic input parameters is found to be similar. The
contribution to the B0q − B¯0q mixing is not quite sensitive to the value of cQ3 .
IV. CONCLUSIONS
In conclusion, the warped extra dimensional model with custodial isospin symmetry can
contribute to B0d,s − B¯0d,s mixing at tree level, dominantly through the Kaluza-Klein modes
of gluons. This FCNC process at tree level originates from the mixing between the gauge
eigenstates and the mass eigenstates due to the flavor-mixing Yukawa couplings localized on
the TeV brane: Even though the FCNC among the SM fermions (or zero modes of the bulk
fermion) is absent in the 5D gauge interaction, the localized Yukawa couplings can mix the
gauge eigenstates. We assume the simplest set-up for the SM mass spectra such that all the
5D Yukawa couplings are of the same order and the mixing matrices have the same form
as the CKM matrix. This assumption almost fixes the bulk Dirac mass parameters ci for
each 5D fermion. With the suggested ci, we have calculated the new contributions to the
B0d,s − B¯0d,s mixings, and compare with the recent experimental results. Main uncertainties
are from the hadronic input parameters. However, we found that the lower bound on MKK
by the observed B0q − B¯0q mixing is, irrespective to hadronic uncertainties, about 2 TeV if
the complex phases of the 5D Yukawa sector are large enough.
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